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Reactor Neutrinos

A Tool for Discovery

2012 - Measurement of
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PROSPECT Motivations and Goals

The Flux Deficit

Previous reactor experiments observed
a 6% flux deficit when compared to
reactor models.

Questions:

- Can this deficit be explained by
neutrinos oscillating into an active-
sterile state?

- How would one look for such
oscillations?

Physics Goal 1:

- Search for short-baseline oscillations
and conclusively address the sterile
neutrino hypothesis as an answer to
the Reactor Antineutrino Anomaly
(RAA)
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Feng Peng An et al. Measurement of the Reactor Antineutrino Flux and
Spectrum at Daya Bay. Phys. Rev. Lett., 116(6):061801, 2016, 1508.04233.




PROSPECT Motivations and Goals
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The Spectral Deviation

Daya Bay and other 0,5 experiments
observed bump in 4-6 MeV region, a
deviation of ~10%.

Questions:

- What is the nature of this bump?

- Is it a modeling issue?

- Are the all the models wrong? Or
does the problem lie with the
prediction for one of the fissioning
isotopes

Physics Goal 2:

- To make a precise measurement of
the antineutrino spectrum from a HEU
reactor (mainly 235U).
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PROSPECT is a successful outcome of the last Showmass / P5 cycle
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Building for Discovery

Strategic Plan for U.S. Particle Physics in the Global Context

2014

Report of ysics Project May 2014

Recommendation 4: Maintain a program of projects of all
scales, from the largest international projects to mid- and
small-scale projects.

Recommendation 6: In addition to reaping timely science
from projects, the research program should provide the
flexibility to support new ideas and developments.

Recommendation 15: Select and perform in the short term
a set of small-scale short-baseline experiments that can
conclusively address experimental hints of physics beyond
the three-neutrino paradigm. Some of these experiments
should use liquid argon to advance the technology and build
the international community for LBNF at Fermilab.

FINANCIAL ASSISTANCE
FUNDING OPPORTUNITY ANNOUNCEMENT

U. S. Department of Energy
Office of Science
High Energy Physics

Intermediate Neutrino Research Program
Funding Opportunity Number: DE-FOA-0001381
Announcement Type: Initial
CFDA Number: 81.049

Issue Date: July 14, 2015

Letter of Intent Due Date: July 29, 2015, at 5 PM Ea:

(A Letter of Intent is requ 2 0 1 5

September 2, 2015, at 5 P}

Application Due Date:

High Energy Physics

Intermediate Neutrino Research Program

Awards

JULY 26, 2016

High Energy Physics » Intermediate Neutrino Research Program Awards

The DOE Office of High Energy Physics has made two awards in response to the Intermediate
Neutrino Rese Funding Opportumtyl' .pdf file (443KB). We are pleased to announce
that ANNIE an
and search fo Ot neutrinos as part of our implementation of the strategic plani'].pdf file

(8.7MB) for the HEP program.

PROSPECT pvill investigate the properties and interactions of the known neutrinos




Results from PROSPECT-
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- Performed direct test of the Reactor Antineutrino Anomaly, -> no signs of sterile neutrino oscillation
- Helped establish that RAA largely due to mismodeling of 235U
¥O0AKRIDGE - L ed the joint analysis with other experiments

National Laboratory




I %OAK RIDGE
National Laboratory

1. First phase of the
PROSPECT Experiment

» Experiment description

» Results and highlights from P-I
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PROSPECT Detector at HFIR

%

Layout of the PROSPECT experiment
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* 93% 235U Fuel

+ 85 MW thermal power

- Compact core

* Huge flux in the few

MeV range

« ~50% duty cycle for
BG measurements

Shielding
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Schematic of the active detector volume

J. Ashenfelter et al. (PROSPECT), Nucl. Inst. Meth. A 922, 287(2019)

14 x 11 array of 6Li doped liquid scintillator
for detecting reactor antineutrinos (6.7-9.2 m
from compact highly enriched uranium
reactor core)
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Antineutrino Detection

6-LiLS with PSD Capabilities

- Average waveforms for electronic/nuclear

Schematic of the IBD process type events
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® PROSPECT detects antineutrinos via the ¢ Differences in ionization density between
Inverse Beta Decay (IBD) process electronic/nuclear recoil type events result
. _ in distinct pulse shapes for each event
® Prompt signal (e+) provides a good energy
estimate of incoming v * Prompt and delayed signal posses unique
* Localized delayed (n - °Li) signal Z:(Iasr:et ;hapes (different from background

M. Andriamirado et al. (PROSPECT Collaboration), Phys. Rev. D 103, 032001 (2021).
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Measured prompt energy spectrum of
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3 i : s 76 2
Prompt Energy(MeV)
« Sequential application of selection
cuts results in a significant M. Andriamirado et al. (PROSPECT
reduction of background events Collaboration), Phys. Rev. D 103,

032001 (2021).

e These selection criteria was used
¥ OAK RIDGE for most recent results
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PROSPECT-I Results and Highlights

Publications
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Light collection and pulse-shape discrimination in
‘elongated scintillator cells for the PROSPECT reactor
antineutrino experiment

The PROSPECT collaboration

After a total of ~96(~73) calendar days of
Reactor-On(Off data taking the
PROSPECT experiment has produced
world-class physics results which are
summarized in over 15 publications.
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PROSPECT-I Results and Highlights ... ey antineutrine
- Oscillation and Spectrum

ROSPECT and STEREO.

Nuclear Inst. and Methods n Physics Research, A
“Theradiosctivesource calibrtionsysem o the PROSPECT resctor 2
antineutrino detector =

PHYSICAL REVIEW D 103, 032001 (2021)

Editors’ Suggestion

Improved short-baseline neutrino oscillation search and energy spectrum
measurement with the PROSPECT experiment at HFIR

M. Andriamirado,” A. B. Balantekin,'* H. R. Band,” C.D. Bass,’” D.E. Bergeron,® D. Berish,'' N.S. Bowden,’
I.P. Brodskzlf’ C.D. Bryan,” T. Classen,” A.J. Conant,’ G. Deichert,” M. V. Diwan,' M. J. Dolinski,” A. Erickson,’
B.T. Foust,” J.K. Gaison,"” A. Galindo-Uribarri,'*'” C.E. Gilbert,' "> B. W. Goddard,” B. T. Hackett,'"'* S. Hans,'

A.B. Hamsell,l1 K.M. Heeg%er,15 D.E. Jaffe,' X.Ji,' D.C. Jones,“ 0. Kyzylova,2 C.E. Lame,Z T.J. Lamgford,15 J. La\Rosa,B
B.R. Littlejohn X, Lu, 012, Mari(:ic,4 M.P. Mcndcnhall,6 A.M. Me cr,4 R. Milincic, I. Milchcll,4 PE. Mucllcr,IO
H.P. Mumm,g J. Napolitano,” C. Navc,2 R. Ncilson,2 J. A. Nikkel, °D. N(m:ini,'5 S. Nour,X J.L. Palomino,’

D. A. Pushin,” X. Qian,l E. Romero-Romero,'™ R. Rosero,' P. T. Surukuchi,'” M. A. Tyra,s
R.L. Vamer,lu D. Vemegas-Vzu'gas,""12 P.B. Wealherly,2 C. While,5 J. Wilhelmi,I5 A. Woolverlon,'3
M. Yeh,' A. Zhang,' C. Zhang,' and X. Zhang®

(PROSPECT Collaboration)”

'Brookhaven National Laboratory, Upton, New York, USA
szparrmem of Physics, Drexel University, Philadelphia, Pennsylvania, USA
3George W. Woodruff School of Mechanical Engineering, Georgia Institute of Technology,
Atlanta, Georgia, USA
4LJ of Physics & As y, University of Hawaii, Honolulu, Hawaii, USA
Department of Physics, Illinois Institute of Technology, Chicago, lllinois, USA
Nuclear and Chemical Sciences Division, Lawrence Livermore National Laboratory,
Livermore, California, USA
"Department of Physics, Le Moyne College, Syracuse, New York, USA
SNational Institute of Standards and Technology, Gaithersburg, Maryland, USA
gHigh Flux Isotope Reactor, Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA
"°Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA
""Department of Physics, Temple University, Philadelphia, Pennsylvania, USA
Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee, USA
Binstitute for Quantum Computing and Department of Physics and Astronomy,
University of Waterloo, Waterloo, Ontario, Canada
. “Department of Physics, University of Wisconsin, Madison, Madison, Wisconsin, USA
SWright Laboratory, Department of Physics, Yale University, New Haven, Connecticut, USA

@ (Received 13 July 2020; accepted 22 December 2020; published 3 February 2021)

We present a detailed report on sterile neutrino oscillation and U D, energy spectrum measurement
results from the PROSPECT experiment at the highly enriched High Flux Isotope Reactor (HFIR) at Oak
Ridge National Laboratory. In 96 calendar days of data taken at an average baseline distance of 7.9 m from
the center of the 85 MW HFIR core, the PROSPECT detector has observed more than 50,000 interactions
of 7, produced in beta decays of U fission products. New limits on the oscillation of 7, to light sterile
neutrinos have been set by comparing the detected energy spectra of ten reactor-detector baselines between
6.7 and 9.2 meters. Measured differences in energy spectra between baselines show no statistically
significant indication of 7, to sterile neutrino oscillation and disfavor the reactor antineutrino anomaly best-
fit point at the 2.5¢ confidence level. The reported *°U 7, energy spectrum measurement shows excellent

with energy models 1 via conversion of the measured >*U beta spectrum, with
ay?/d.o.f.of 31/31. PROSPECT is able to disfavor at 2.4 confidence level the hypothesis that U 7, are
solely responsible for spectrum discrepancies between model and data obtained at commercial reactor

“prospect.collaboration @gmail.com

Published by the American Physical Society under the terms of the Creative Commons Attribution 4.0 International license. Further
tii:rriburian} of this work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI. Funded
by SCOAP’.
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PROSPECT-I Results and Highlights:
- Publications

Additional results include:

« Search for Boosted Dark Matter
«  PhysRevD 104 (2021) 012009
* Non-fuel reactor contributions
«  PhysRevC 101 (2020) 054605
 Liquid Scintillator production and
characterization
« JINST 14 (2019) P03026

Lithium-loaded liquid scintillator production
PROSPECT exper

 Instrumentation
- NIMA 922 (2018) 287

‘The PROSPECT physics program hape discriminati

lis for the PROSPECT reactor

detector for the PROSPECT experiment

The PROSPECT cola

Physics Division
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4. A New Measurement of the Neutron Multiplicity Emitted in
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5. Energy Scale Study for PROSPECT’S Measurement of the
Antineutrino Spectrum of 235U, Ph.D. Thesis, IIT, 2019.

6. First Search for eV-Scale Sterile Neutrinos and Precision
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2. New Analysis Methods
» Motivation for a final P-I analysis
« Data Splitting

» Single Ended Event Reconstruction




Motivation for a final PROSPECT-I Analysis

» Previous results were impacted by the periodic loss of photo-multiplier tube bases throughout data

collection. _ _ _
Detector configuration used for PRD analysis

154 segments with two PMTs
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* In order to improve upon previous results, two new data recovery approaches have been proposed:

Data Splitting (DS)
&

Single Ended Event Reconstruction (SEER)
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National Laboratory




First Approach: Data Splitting (DS)

%

National Laboratory
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Goals

Split PROSPECT-I data into distinct periods in
order to recover statistics.

Maximize number of live segments in each
period

Splitting Criteria

Each period should start immediately after a
new calibration campaign

Each period must contain one full RxOn
cycle

All periods should have RxOff data before
and after each corresponding RxOn cycle

® Period 1 is an exception since there is
no prior RxOff data available.

Keep ratio of RxOff/RxOn data between
50%-70%.

® Since there is no calibration campaign
between periods 3 and 4, we used the
ratio of RxOff/RxOn files to define
these two (70%).



Second Approach: Single Ended Event Reconstruction (SEER)

* The implementation of SEER into the existing analysis presents a great
opportunity to improve our current results (statistics and S:B).

%

Lacks energy and position reconstruction capabilities

Provides a good handle on particle identification (great background suppression)

OAK RIDGE

National Laboratory

DEER PSD Distribution

Signal integral [KADC]

SEER PSD

SEER PSD Distribution

Signal integral [KADC]



Detector Configuration for Each Period
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Combined DS+SEER Analysis Results and Summary

4500

* First implementation of new DS+SEER optimized provided

the following improvements: =
° 8 4000 — Total RxON .PeriOd A
IBD counts ~(x1.2) a Brecicd 2
* |IBD effective counts ~(x2) 2 —Total RxOFF | | period 3
* Signal to cosmogenic background (S/CB) ~(x2.8) 3500 Wreriod 4

* Signal to accidental background (S/AB) ~(x2.4)

* This new analysis is expected to have a big impact on
both spectrum and sterile neutrino oscillation results!

e Total IBDs
EPeriod 5

3000

2500

llllllllllllllllllllllll

2000

1500

1000

IIIIIIIIIJ._I]]III

500

¢
—lllllllIII|IIII|IIII|IIIIII1II.

1 2 3 4 5 6 7 g
Visible Energy [MeV]

%OAK RIDGE

National Laboratory




I %OAK RIDGE
National Laboratory

3. New Opportunities with
the PROSPECT-I Data

Machine Learning Analysis

Absolute Flux Measurement

Multi-period Oscillation analysis

Multi-period Spectrum analysis




MaChine Learning Efforts lonization 0.05 000 0.00 0.00

Recoil | 0.24 0.03 0.01 0.00
* Neural networks have been used to improve 2 e U
single ended event reconstruction FRanai .
) . naress { 0.03  0.16
e Truth table which shows the classifier "
performance, with most difficulty arising from Muon | 002 0.02
misidentifying recoil events as ionizations & &
R 4
e Overall, the SE Z reconstruction error is on ) predicted label
the order of 60 mm which is roughly three Classifier for event selection using graph neural
! g
times larger than the dual ended error. _networks
Z Mean: -282 T : Mean: -348
5 Graph Convolutional Layer g 3 Sigma: 102 g 20 Sigma: 157
| v - N
1.5
> [ < 1, 2} :
L [L‘ [LA N , "
\/2\‘ 1 ¥ ‘/\/'2 |:> Normalization :> 1: 0.5
Nodes = concatenated waveforms T T 0860400 =200 0 \2:);:’00 \g(.')o
Edge weights = cartesian distance Segment 130 Z [mm] Segment 130 ML Z [mm]
between segments SE Z prediction model using sparse convolutional neural

networks
» Left: dual ended calibration source position

reconstruction (fit + data)
%Qﬁﬁ&?(ﬂf * Right: ML SE reconstruction (fit + data)




Motivation for an Absolute Flux Analysis

Phys. Rev. Lett. 125, 201801 (2020)

*  Previous results for measured and predicted do not agree: BB oivons T 85 ooy
Observed flux deficit i 1014 £ 0108 W W
. . . . . o —k— 0.792 +0.072
« Are reactor neutrinos oscillating to sterile neutrinos? SRP- 0941 z0026 8 g
« Are the flux predictions overestimated? SRP-I 1006 z0029 5 S
etk ld 0925 +0.046 8 £
. . el e 0946 10028 2 g
* AP-l absolute flux measurement with a target precision of about  |kasnoarsces w5 caigg 1 E
2% would be dominated by systematic uncertainties. Krasnoyarsk87 0.942 +0.192 J 3
* z 0.948 +0.024 2
Reactor power it :
. New average (pure 2*°U) 0.950 +0.013
« Proton Density DBIFEN (%%, 050 AP J
« |BD detection efficiency kel el s RN
0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4
. . RObserved / RPredicted
* Applications:
« Updated and more precise measurement relative to flux 'S.,‘!\* fgLIJ Huber-Mueller
predictions &1 A Model
* Reactor antineutrino anomaly and sterile neutrino oscillation g Ry s
» Reactor power monitoring for verification and safeguards 2 Z 6.0
S & 239Py
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N
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—— Previous Statistics 1
—— Previous Systematics
| === New Effective Statistics
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Multi-Period Spectrum Analysis

*§ 0.20 Notable impact i
3 at energy of -
g 0.15 12G(n,n’) 12C* i
Great background reduction £ ou
provided by new analysis 5
0.05

1 2 3 4 5 6 7
Prompt Energy (MeV)

Previous PROSPECT Analysis New DS+SEER Multi-Period Analysis

- 5000 ~ 5000
) [0}
X X
8 o
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> S
o , o) ¢ IBD Candidates (Total)
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0 1 L L I.“..“'.I‘m..‘.*“ O |77777777|777777777|772.7 L !
2 4 6 8 10 12 2 4 6 8 10 12
Prompt Energy [MeV] Prompt Energy [MeV]
%OAK RIDGE Physics Division
National Laboratory




Multi-Period Spectrum Analysis

7005_ gt Period1| - Period 2 Period 3 Period 4 Period 5
: : : : = | ﬂ
* The implementation of a period-by-period e | L
analysis allows for the treatment of each ey L :
period as an independent experiment. w | H
- |
 Following the work done during the joint 3°°% | L ‘ ‘I ﬁ WH
spectrum analysis, a new unfolding 200 L 1 ,L L
. s — l
framework has been developed to jointly 100 . ; L | 1
unfold the prompt spectrum from each period ,-. . . . . | . . o[ ol
into one final antineutrino energy spectrum 2 46 Prompt Energy [McV]
« This new framework paves the way for multi- i3 Unfolded Spectrum
experiment and multi-reactor experiments o
2 s 4 5 6 7 8
Neutrino Energy [MeV]

%OAK RIDGE

National Laboratory




Summary and Conclusions

« PROSPECT-I data still presents a
fantastic opportunity to obtain world-
class physics results.

 Increase in effective statistics
caused by new DS+SEER analysis
will have a significant impact on new
efforts such as spectrum and
oscillation measurements

* Multi-period analysis motivated the
development of frameworks that will

facilitate joint studies between
different reactor-based experiments ~PRESPECT; —\ HeisING:
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